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Abstract
Fundamental theories are hard to come by. But even if we had them, they would
be too complicated to apply. Quantum chromodynamics (QCD) is a case in point.
This theory is supposed to govern all strong interactions, but it is extremely hard
to apply and test at energies where protons, neutrons and pions are the eﬀective
degrees of freedom. Instead, scientists typically use highly idealized models such as
the MIT Bag Model or the Nambu Jona-Lasinio Model to account for phenomena
in this domain, to explain them and to gain understanding. Based on these models,
which typically isolate a single feature of QCD (conﬁnement and chiral symmetry
breaking respectively) and disregard many others, scientists attempt to get a better
understanding of the physics of strong interactions. But does this practice make
sense? Is it justiﬁed to use these models for the purposes at hand? Interestingly,
these models do not even provide an accurate description of the mass spectrum of
protons, neutrons and pions and their lowest lying excitations well - despite several
adjustable parameters. And yet, the models are heavily used. I’ll argue that a
qualitative story, which establishes an explanatory link between the fundamental
theory and a model, plays an important role in model acceptance in these cases.
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11 Introduction
Working in various physics departments for a couple of years, I had the chance to attend
several PhD examinations. Usually, after the candidate derived a wanted result formally
on the blackboard, one of the members of the committee would stand up and ask: “But
what does it mean? How can we understand that x is so large, that y does not contribute,
or that z happens at all?” Students who are not able to tell a “handwaving” story in this
situation are not considered to be good physicists.
Judging from my experience, this situation is not only typical for the more phenomeno-
logical branches of physics (such as nuclear physics) but also for the highly abstract
segments of mathematical physics (such as conformal ﬁeld theory), though the expected
story may be quite diﬀerent.
In this paper, I want to show that stories of this kind are not only important when it comes
to ﬁnding out if some examination candidate “really understands” what he calculated.
Telling a plausible story is also an often used strategy to legitimate a proposed model.
If I am right about this, empirical adequacy and logical consistency are not the only
criteria of model-acceptance. A model may also be provisionally entertained (to use a
now popular term) when the story that goes with it is a good one. But what criteria do
we have to assess the quality of a story? How do scientists use the method of storytelling
to convince their fellow scientists of the goodness of their model? Is the story equally
important for all models or do some models need a stronger story than others? These
are some of the questions that I address in my paper. In doing so, I draw on material
from a case-study in hadron physics.
The rest of this contribution is organized as follows. Sec. 2 clariﬁes the terminology and
discusses various functions of models in the practice of science. In Sec. 3, two models
of hadron structure are introduced. I present the story that goes with each model and
analyze what role it plays for legitimation of the model. Sec. 4 concludes with some more
general meta-theoretical implications of the case-study.
2 Phenomenological Models: A ‘Functional’ Ac-
count
Phenomenological models are of utmost importance in almost all branches of actual sci-
entiﬁc practice. In order to understand what “real” physicists do, their role and function
need to be analyzed carefully. In doing so and to avoid confusions, I will ﬁrst specify the
terminology.
I suggest the following (minimal) deﬁnition: A phenomenological model is a set of as-
sumptions about some object or system. Some of these assumptions may be inspired by
a theory, others may even contradict the relevant theory (if there is one).1
1For a similar characterization see (Redhead 1980).
1The relation of a phenomenological model to some possibly existing underlying theory is
somewhat bizarre. I cannot give a general account of this relation here, as it seems to
depend on the concrete example in question. Very often there is an underlying funda-
mental theory such as quantum electrodynamics (QED) for condensed matter physics or
quantum chromodynamics (QCD) for nuclear physics that is not frequently used in actual
calculations for various reasons. Instead, phenomenological models are constructed; they
mimic many of the features of the theory but are much easier to handle.
Some of these models can even be exactly derived from the theory in a well-controlled
limiting process. In other cases, the explicit deduction is considerably more delicate,
involving, for example, many diﬀerent (and sometimes dubious) approximation schemes
– if it is possible to perform the calculation at all. In any instant, there is usually not
much to be learned from these deductions, so that many phenomenological models can be
considered autonomous. Besides, deduction from theory is not the usual way to obtain a
phenomenological model.2 Theory, as N. Cartwright and her collaborators have recently
pointed out, serves only as one tool for model construction.3
Our discussion of phenomenological models has only focused on formalism so far. A
model has been characterized by a set of assumptions, the relation of a model to a theory
has been sought in a reduction of the formalism of the theory to the model’s formalism
etc. There is, however, more to models than formalism.
In order to appreciate the role that models play in contemporary physics, it can be
instructive to point out the various functions of models in physics. Without pretending
to give a complete account (or something close to it), here are some of them:
a) Apply a theory: General theories cannot be applied without specifying assumptions
about a concrete system. In Newtonian mechanics, for example, a force function has to
be given in order to facilitate detailed calculations.4
If the concrete system under study is purely ﬁctional (“toy model”), students of the theory
can learn something about the features of the general theory by applying it. Furthermore,
they get used to the mathematical structure of the oftentimes very complicated theory
by analyzing tractable examples.
b) Test a theory: If the system under study is real, constructing and exploring the con-
sequences of a phenomenological model may serve to test the underlying theory.5
c) Develop a theory: Sometimes models even serve as a tool for the construction of new
theories. One example is the development of QCD which is (so far) the end point of a
hierarchy of models of hadron structure.6 I suppose that models also play a role in the
construction of general theories (such as Newtonian mechanics).
2For more on this, see (Cartwright 1983).
3See (Cartwright et al. 1995).
4This view is elaborated in Bunge (1973).
5More on this can be found, for example, in (Laymon 1985) and in (Redhead 1980).
6I have demonstrated this in some detail in my (1995a, b) and (1996).
2d) Replace a theory: Many functions of models can be traced back to the observation that
models are easy to work with, or at least easier to apply than the corresponding theory (if
there is one). Then the model is used as a substitude for the theory.7 Since high-powered
computers are widely available nowadays, one could argue that this function of models
will get less important in the future. It should be noted, however, that the complexity of
our current theories will considerably increase as well.
Be it as it may, even if it were possible to solve all theories “exactly” with the help of
computers, models would still be necessary for at least two reasons which I will give
below.
e) Explore the features of a theory: Firstly, models help scientists to explore the features
of a theory in question. By exploring the consequences of one isolated feature in a
numerical experiment, physicsts learn something about the consequences of this feature.
Is it possible to reproduce the mass spectrum of low-lying hadrons by sole modeling
conﬁnement? This is a typical question asked in this context.8
f) Gain understanding: The second reason is closely related to the ﬁrst one. By study-
ing various models that mimic isolated features of a complicated theory, scientists gain
(partial) understanding of the system under investigation.9 Physicists are not satisﬁed
with a numerical treatment of a given theory. They reach for simple intuitive pictures
that capture the essential elements of a process.10
Here is an example. It is generally believed that QCD is the fundamental theory of
hadron (and nuclear) structure. Almost exact results of this theory can, however, only
be obtained by applying a sophisticated numerical technique called Lattice-QCD.11 This
method essentially works like a black-box: Asked for the numerical value of a certain
observable (such as a hadron mass), the computer will start to numerically evaluate all
possible contributions (however small they are). Having this tool is important because it
is the only way to rigorously test QCD at present.
Despite this advantage, Lattice-QCD faces several serious problems. Some are techni-
cal and I will not discuss them here; others are more conceptual. Physicist T. Cohen
emphasizes the following one:
[W]hile high-quality numerical simulations may allow us to test whether QCD
can explain low-energy hadronic phenomena, they will not, by themselves, give
7More on this can be found in my (1995a) and (1995b).
8For more on this important function I refer the reader to my (forthcoming).
9M. Fisher (1988) points out the importance of understanding from the point of view of a practicing
physicist. See also (Cushing 1994).
10It is interesting to note that all but this function of models relate to ‘theory’ in one way or the other.
11In Lattice-QCD the full action of QCD is truncated on a discretized space-time lattice. The results
obtained will, therefore, generally depend on the lattice spacing a. By extrapolating a → 0 from computer
simulations for ﬁnite a, it is hoped to approach the exact results of QCD. It should be noted, however, that
Lattice-QCD is extremely (computer-) time consuming. See (Rothe 1992) for a textbook presentation of
Lattice-QCD.
3much insight into how QCD works in the low-energy regime. Simple intuitive
pictures are essential to obtain insight, and models provide such pictures.
(Cohen 1996, 599)
Cohen explains:
Condensed-matter physics provides a useful analogy: even if one were able to
solve the electron-ion many-body Schrodinger equation by brute force on a
computer and directly predict observables, to have any real understanding of
what is happening, one needs to understand the eﬀective degrees of freedom
which dominate the physics, such as photons, Cooper pairs, quasiparticles,
and so forth. To gain intuition about these eﬀective degrees of freedom,
modeling is required. In much the same way, models of the hadrons are
essential in developing intuition into how QCD functions in the low-energy
domain. (Cohen 1996, 599 f)
According to Cohen, the task of the physicist is not completed when numerical solutions
of a theory are obtained. This is because a numerical solution does not suﬃce to provide
any insight or understanding of the processes inside a hadron. Models, Cohen claims,
give us this desired insight. There is, of course, an obvious problem here. Models are
necessarily provisionary and incomplete. Furthermore, they oftentimes do not describe
empirical data well. How, then, can they provide insight and understanding? The answer
to this question is, I maintain, that good models provide a plausible story that makes us
believe in the model.
In order to understand all this better, we must now have a closer look at the models
Cohen has in mind.
3 Case Study: Hadron Physics
Before discussing the two models in detail, I will ﬁrst set the frame of the case-study and
start with an episodic sketch of QCD that points out the main features of this theory. It
turns out that the models we discuss pick out only one of these features.
Hadrons are strongly interacting sub-nuclear particles such as protons, neutrons, and
pions. Hadron physics is the branch of particle physics that investigates their structure
and (strong) interactions. Here is a short sketch of the history of hadron physics.12
In 1932, Cavendish physicist J. Chadwick produced in a series of experiments electrically
neutral particles with almost the same mass as the positively charged hydrogen nucleus
(later called ‘proton’). This astonishing observation marked the beginning of hadron
physics. It soon turned out that atomic nuclei could be understood as composed systems
of protons and neutrons. W. Heisenberg (1935) took advantage of the similarities between
12For details see (Pais 1986).
4protons and neutrons (now called nucleons) by introducing the isospin concept in analogy
to the spin concept familiar in atomic physics, and Japanese physicist H. Yukawa (1934)
proposed a dynamical model for the short-ranged interaction of nucleons. Subsequently,
these theoretical works were extended, but a real research boost did not occur before a
wealth of new particles (‘resonances’, ‘hadron zoo’) were directly produced after World
War II. Besides, the analysis of cosmic rays supplied physicists with plenty of new data.
These ﬁndings inspired the development of a variety of models that attempted to organize
and systematize these data. I will here only mention the (more theoretical) investigations
in the context of current algebra and, of course, the famous (more phenomenological)
quark model, suggested independently by M. Gell-Mann and G. Zweig in 1964.13
Relying on analogies to QED and with the now somewhat dubious requirement of renor-
malizability14 in mind, quarks proved to be an essential part (besides gluons) of the
ontology of the then-developed non-abelian gauge quantum ﬁeld theory of strong inter-
actions, QCD, in 1971. This theory is currently assumed to be the fundamental theory
of strong interactions.
QCD has three characteristic features that are isolated and investigated in detail in the
models that I now discuss. These features are asymptotic freedom, quark conﬁnement
and chiral symmetry.15
According to asymptotic freedom, quarks move quasi-free at very high energies compared
to the rest mass of the proton. This theoretically well-established consequence of QCD
has also been demonstrated (though somewhat indirectly) in accelerator experiments
at facilities such as CERN near Geneva and Fermilab near Chicago. More speciﬁcally,
the interaction between quarks inside a hadron, characterized by an eﬀective (‘running’)
coupling constant αs(q2) (−q2 is the 4-momentum transfer), monotonically approaches
zero. Therefore, perturbation theoretical tools, well-known from QED, can be successfully
applied in this regime.
At low energies, on the other hand, the opposite eﬀect occurs. For decreasing momentum
transfer αs(q2) increases and soon exceeds 1, making a perturbation theoretical treatment
dubious and practically impossible.
This is the energy-regime where conﬁnement and chiral symmetry dominate the scene.
Quark conﬁnement (‘conﬁnement’ for short) was originally proposed to account for the
fact that so far no single free quark has been observed in experiments. Quarks always
seem to be clumped together in triplets (baryons) or pairs (mesons).16 The conﬁnement
hypothesis has, however, not yet directly been derived from QCD. It even does not seem
to be clear what conﬁnement exactly is. We will come back to this below.
13References to the original publications (or preprints in the case of Zweig) are given in (Pais 1986),
see also (Pickering 1984).
14See, for example, (Cao and Schweber 1993).
15Technical details can be found in (Weinberg 1996, 152 f).
16According to the “naive” quark model, baryons “are made” of three (valence) quarks and mesons of
one quark and one antiquark.
5Chiral Symmetry and its dynamical breaking is the second typical low-energy feature of
QCD. But unlike conﬁnement, we are better able to understand what it means.
Chirality is a well-known property of many physical, chemical and biological systems.
Some sugars, for instance, only show up in a right-handed version. If there were a left-
handed version with the same frequency too, the system would be chirally symmetrical.
Then the interaction would not distinguish between the left- and the right-handed version.
There are also left and right-handed states in quantum ﬁeld theory. It can be demon-
strated theoretically that a quantum ﬁeld theory with explicit mass terms in its La-
grangian density cannot be chirally symmetrical. It turns out that chiral symmetry is
(almost) realized in the low-energy domain of QCD because the current quark masses of
the relevant quarks in this regime are small (about 10 MeV) compared to the rest mass of
the proton (about 1000 MeV). Therefore, every eigenstate of the interaction should have
a chiral partner with the same mass but opposite parity. Experimental data, however,
do not support this conclusion: Chiral partners with the same mass but opposite parity
simply do not exist.
A way out of this unpleasant situation is to assume that the interaction itself breaks the
symmetry dynamically. As a result of this supposed mechanism, an eﬀective quark mass
is generated.17 There is much empirical evidence that chiral symmetry is really broken
in QCD. For example, there are plenty of relations between hadron masses that can be
derived from the assumption of chiral symmetry only. These relations are well-conﬁrmed
experimentally.18
It is theoretically well-established that conﬁnement and dynamical chiral symmetry break-
ing cannot be obtained in a simple perturbation-theoretical analysis of QCD. Both are
low-energy phenomena and perturbation theory breaks down in this regime. Technically
speaking, an inﬁnite number of Feynman diagrams must be added up to obtain these
phenomena. Yet this is not an easy task. Whereas chiral symmetry breaking has been
demonstrated in the Lattice-QCD approach, it is not really clear what conﬁnement ex-
actly is. There are at least four diﬀerent proposals as to what ‘conﬁnement’ means. All of
them are inspired by the (negative) observation that there are no free quarks. Modeling
is a way to explore these proposals.
17In the formalism, an explicit mass term will then show up in the corresponding eﬀective Lagrangian
density. This mass is, by the way, easily identiﬁed with the (dressed) constituent quark mass used in
non-relativistic Constituent Quark Models (mCQM ≈ 300 MeV). Here, a ﬁeld theoretical mechanism
provides a deeper motivation and theoretical legitimation of the CQM that has been used for a long time
without such a legitimation.
18A famous example is the Gell-Mann–Oakes–Renner relation (Bhaduri 1988):
m2
πf2
π = −
mu + md
2
< ¯ qq > (1)
This relation accounts for the ﬁnite pion mass due to an (additional) explicit breaking of chiral symmetry.
Here, fπ is the pion decay constant, mπ,mu and md are the masses of the pion and of the u- and d-quark,
respectively and < ¯ qq >≈ (−250 MeV)3 is the quark condensate.
61. Spatial conﬁnment: Spatial conﬁnement means that quarks cannot leave a certain
region in space. This explication, of course, accounts for the fact that no free quark has
been detected so far. But where does the conﬁning region come from? Is it dynamically
generated? There are models that explore the consequences of spatial conﬁnement, such
as the MIT-Bag Model. Others even attempt to understand the mechanisms that produce
this kind of conﬁnement, such as the Chromodielectric Soliton Model.19
2. String conﬁnement: String conﬁnement is a variant of spatial conﬁnement, crafted
especially for the application to scattering processes in which mesons are produced. Mo-
tivated by features of the meson spectrum, it is postulated that the attractive (color-
singlet) quark-antiquark force increases linearly with the distance of the quarks. Quark
and anti-quark are tied together by something like a rubber band that expands with
increasing energy. Therefore, free quarks never show up. However, when the separation
becomes large enough and the corresponding laboratory energy exceeds a certain critical
value (the so-called pion production threshold), the string eventually breaks and new par-
ticles (mostly pions) are created. Models like this string-fragmentation model are fairly
successful phenomenologically.
3. Color conﬁnement: Color conﬁnement means that only color-singlet states are physi-
cally realized asymptotic states. This type of conﬁnement was ﬁrst introduced by M. Gell-
Mann to get rid of a problem within his original quark model.20 It is not clear at the
moment how this variant of conﬁnement exactly relates to spatial conﬁnement.
4. The quark propagator has no poles: This is a ﬁeld-theoretical hypothesis. If the full
quark-propagator has no poles, asymptotic quark states cannot show up. Therefore, free
quarks do not exist. In this acccount, conﬁnement is a constraint on the unknown quark
propagator.
These are only some of the most attractive suggestions currently explored by physicists.
In the rest of this section, I will investigate in some detail how conﬁnement (choosing
one of the above mentioned hypotheses) and dynamical chiral symmetry breaking are
modeled. For that purpose, I focus on two models, the MIT-Bag Model (Sec. 3.1) and
the Nambu–Jona-Lasinio Model (Sec. 3.2). I will describe how each model relates to
QCD and how it is legitimized. As I hinted already, a qualitative story turns out to be
important in this respect.
3.1 The MIT-Bag Model
The MIT-Bag Model is a conceptually very simple phenomenological model. Developed
in 1974 at the Masachusetts Institute of Technology in Cambridge (USA) shortly after the
19See (Wilets et al. forthcoming).
20According to Gell-Mann’s quark-model, the nucleon and the ∆-particle should have the same rest
mass. Empirically, their mass diﬀerence is, however, about 1/3 of the nucleon mass.
7formulation of QCD, it soon became a major tool for hadron theorists. From the above-
mentioned features of QCD, the MIT-Bag Model models spatial conﬁnement only.21
According to the model, quarks are forced by a ﬁxed external pressure to move only
inside a given spatial region (see Figure 1). Within this region (the ‘bag’), quarks occupy
single-particle orbitals similar to nucleons in the nuclear shell model.22 And just like in
nuclear physics the shape of the bag is spherical if all quarks are in the ground state. This
is the simplest variant of the model. When considering higher excitations, non-spherical
shapes must also be considered, however, this raises additional technical problems.
We will now turn to the mathematical formulation of the model. In order to determine
the wave function of a single quark, three cases have to be distinguished: (1) In the inside,
quarks are allowed to move quasi-free. The corresponding wave function can, therefore,
be obtained by solving the Dirac equation for free massive fermions.23 (2) An appropriate
boundary condition at the bag surface guarantees that no quark can leave the bag. This
is modeled by requiring that the quark-ﬂux through the bag surface vanishes. (3) This
implies that there are no quarks outside the bag. In this region, the wave function is zero.
The boundary condition yields, as usual in quantum mechanics, discrete energy eigenval-
ues. For massless quarks (and with units such that ¯ h = c = 1) these energies are given
by
n =
xn
R
, (2)
where R is the yet undetermined radius of the bag. The dimensionless eigenvalues xn
(n denotes the set of quantum numbers of a single particle state) are easily obtained by
solving a transcendental equation. The lowest value is x1 ≈ 2.04.
So far, we have only considered a single quark in a bag. Real hadrons are, however,
collections of Nq valence quarks (Nq = 3 for baryons and Nq = 2 for mesons). If one
neglects the interaction between the quarks for the time being, the total kinetic energy
of the bag is given by
Ekin(R) = Nq
xn
R
. (3)
Here we have assumed for simplicity that all quarks occupy the same orbital state.
The necessary stabilizing potential energy results form the external pressure that guar-
antees the fulﬁlment of the boundary condition. It is given by
Epot(R) =
4
3
πR
3B , (4)
where B is the so-called bag-constant that reﬂects the bag pressure.
The total bag energy is ﬁnally the sum of both contributions:
21For a comprehensive exposition of the MIT-Bag Model see (Bhaduri 1988) and (DeTar and Donoghue
1983).
22This is no surprise. The MIT-Bag Model was developed by nuclear physicists.
23It is sometimes claimed that this simulates asymptotic freedom, see (DeTar and Donoghue 1983).
8Figure 1: A baryon in the MIT-Bag Model
E(R) = Ekin(R) + Epot(R) (5)
Minimizing E(R) with respect to R yields the equilibrium radius of the system and, after
some simple algebra, the total energy of the bag:
Rn =
Nqxn
4πB
1/4
, En =
4
3

4πBN
3
qx
3
n
1/4
(6)
These are consequences of the simplest version of the MIT-Bag Model. The only model
parameter B is adjusted in order to get a best ﬁt of hadronic observables (masses, charge
radii etc.). Since the model is, at this stage, rather crude, the agreement of the predictions
with empirical data is only fairly modest. When ﬁxing the nucleon mass to its empirical
value (mN = 938 MeV), for instance, the nucleon radius can be calculated to be RN = 1.7
fm (compared to the empircal value of roughly 1 fm) and the pion mass comes out to be
mπ = 692 MeV (compared to 138 MeV).
Despite these shortcomings, the MIT-Bag Model has been entertained by many physi-
cists. This immediately raises the question: why? There is an obvious pragmatic reason
for this: The model is (as we have seen already) very easy to apply. It allows it, further-
more, (as we will see below) to incorporate physically motivated extensions in a relatively
straightforward manner.
However this is not the only reason to entertain the MIT-Bag Model, despite its modest
empirical adequacy. Incidentally, there are many other models that share several features
with the MIT-Bag Model. They are also easy to apply and to extend and do not ﬁt
experimental data particularly well. So why do so many physicists choose the MIT-Bag
Model and not one of its rivals as a starting point for their theoretical investigations?
I argue that this is because the story that goes with the MIT-Bag Model is a remarkably
good one. This statement needs some explication. The purpose of the story (that I
will soon tell) is to ﬁt the model in a larger theoretical framework and to address open
questions of the model in a qualitative way. The larger framework is, in our example,
of course QCD. Here are some of the open questions of the model: (1) How does a bag
9result physically? (2) Where does the bag pressure come from? (3) What about color
conﬁnement? Is it also realized in the model?
This story of the MIT-Bag Model aims at tackling the ﬁrst question. It will also shed
some light upon the other questions as well. So how does a bag result physically? The
story starts with a description of the initial state: In the beginning, there was only a
highly complicated (‘non-perturbative’) vacuum with strongly interacting gluons. This
is plausible from QCD. In the next step, a single quark is put in this messy environment.
What will happen? Well, the quark will ‘dig a hole’ (to use the metaphoric language
of the physicists) in the vacuum by pushing the gluons away due to the repulsive color-
interaction. It turns out, however, that only color neutral objects can be stable, as the
following argument from T. D. Lee shows:24
The non-perturbative vacuum can be described by a color-dielectric function κ(r) that
vanishes for r → ∞.25 Consider now the total energy Wc of the color electric ﬁeld Ec of
a color-charge Qc in the abelian approximation. One obtains:
Wc ∼
Z
~ Ec · ~ Dc d
3r ∼ Q
2
c
Z ∞
0
dr
r2κ(r)
(7)
It is easy to see that the integral diverges for suitably chosen color-dielectric functions
κ(r). Hence, the bag is stable if and only if the total color-charge vanishes: Qc = 0. This
is just color-conﬁnement: asymptotic physical states are color-neutral.
The bag and consequently the shape of the κ(r)-proﬁle is eﬀectively generated because the
quarks pushed out all non-perturbative gluons from the inside of the bag. The concrete
radius of the bag reﬂects an equilibrium constellation: The pressure from the outside due
to the non-perturbative gluonic interactions balances the presssure from the motion of
the quarks in the bag interior. Since there are no real gluons present in the inside of the
bag, quarks move (almost) freely in this region.
How does this story relate to the formalism of QCD? It is important to note that the story
just told cannot be strictly deduced from QCD.26 Given our knowledge of this theory, the
story appears to be plausible. Something like this will probably happen inside a hadron.
That’s all. And that is why the story is considered a good story. It relates in a plausible
way to mechanisms that are known to be mechanisms of QCD and this theory is, after
all, supposed to be the fundamental theory of this domain.
The MIT-Bag Model has been a fucus of much interest and extended in many directions. I
will now discuss two of these attempts and thereby pay special attention to the motivation
of the corrections and additions as well as to their relation to QCD.
1. One-Gluon Exchange: So far, the model neglects the mutual interaction of quarks
completely. There should be at least some residual interaction that is not already ef-
24Details can be found in (Wilets 1989).
25In the MIT-Bag Model one chooses κ(r) = θ(R − r).
26Some physicists tried to derive the MIT-Bag Model from QCD. Their results, however, were not
really illuminating. References can be found in (DeTar and Donoghue 1983).
10fectively contained in the bag-pressure. Here is a phenomenological argument for the
importance of quark interactions. Hadrons with quarks in the same single particle state
are degenerate in the independent particle model used so far. It does not matter, for
example, if three spin-1/2 quarks in a baryon couple to a state of total angular momen-
tum 1/2 (nucleon) or 3/2 (∆-particle). Both should have the same energy. Empirically,
however, the mass diﬀerence of these states is roughly 300 MeV; that is one third of the
nucleon mass.
This problem can be dealt with by adding another term to the total energy in the model
that takes into account the interaction of quarks mediated by gluons. In a perturbation
theoretical treatment (‘one-gluon exchange’), one obtains for the corresponding energy
contribution:
EX =
αsMq
R
, (8)
with a matrix element Mq that depends on the quantum numbers of the coupled quarks.
αs is the strong coupling constant. It is treated as another adjustable parameter of the
model.
While the one-gluon exchange term is quite successful phenomenologically, serious prob-
lems remain. Most important is that an argument is needed to explain why perturbation
theory is applicable at all. This is dubious because, as we have seen, the eﬀective coupling
constant exceeds 1 in the low-energy domain of QCD. And indeed, it turns out that the
adjusted value of αs is larger than 1 in the MIT-Bag Model. Therefore, perturbation
theory should not make any sense in this regime.
Why is it used anyway? The argument is again provided by the story of the MIT-Bag
Model. Since the complicated (‘non-perturbative’) gluonic vacuum is squeezed out of the
interior of the bag due to the presence of valence quarks, the residual interaction between
the quarks is very small. All complicated non-perturbative eﬀects are already contained
in the bag constant B. Residual interactions can, therefore, be treated in perturbation
theory.
Nevertheless, it should be noted that an exact deduction of the one-gluon exchange term
from QCD has not been achieved so far.
2. The Casimir-Term: This is an additional contribution to the total energy of the bag
of the form
ECas =
Z
R
, (9)
with a parameter Z that can, in principle, be deduced theoretically. In practice, how-
ever, Z is usually treated as another adjustable parameter – for good reasons, as I will
demonstrate soon.
Here is the physical motivation of this correction. The Casimir term is supposed to
represent the zero-point energy of the quantum vacuum. It is a well-known feature of
quantum ﬁeld theory that such ﬂuctuations are always present. A similar term was ﬁrst
11considered in the context of QED. Dutch physicist H. Casimir showed that two parallel
conducting plates attract each other due to the presence of the quantum vacuum. The
case of a spherical cavity is, for technical reasons, much more complicated.27
Having an additional parameter, the Casimir term deﬁnitely improves the quality of the
empirical consequences of the MIT-Bag Model. But this term is problematic, too. The
main problem is that theory suggests that the term is negative, while the best ﬁts are
achieved by using a slightly positive value.28 This seems to indicate that something is
wrong with the model in the present form.
Here, no story is known that which can make any sense of the situation.
The MIT-Bag Model faces one more diﬁculty: Chiral symmetry is expicitly broken on
the bag surface. It has been shown that this is a direct consequence of the static bound-
ary condition. Incidentally, this is the central assumption of the model. Therefore, an
argument is needed why this unwanted symmetry breaking is no reason for serious wor-
ries. Unfortunately, there is no really convincing argument. Here is a way to get rid of
this problem: One ﬁrst states that the model with the above-mentioned corrections (and
maybe others) describes empirical data rather well. Consequently, chiral symmetry is not
essential to determine the spectrum of low-lying hadrons and can be neglected.
This is, of course, not a compelling argument. A closer look at the data shows that
especially pionic observables cannot be reproduced suﬃciently well. This is alarming!
Since the pion is intimately related to chiral symmetry, it is the Goldstone boson of
this symmetry. In order to rectify this, a chiral extension of the MIT-Bag Model has
been suggested. In the Cloudy–Bag Model29 a fundamental pion ﬁeld that couples to the
quarks at the bag surface in a chirally symmetric manner is added. This ﬁeld covers the
bag-surface like a cloud. It turns out that the Cloudy-Bag Model is much harder to treat
mathematically. The resulting phenomenology is, however, considerably better than the
one of the MIT-Bag Model.
Some remarks concerning the relation between the story and the quality of the empirial
consequences of the model is in order here. One might suspect that no one had worried
about the violation of chiral symmetry, provided the pionic data came out right. Though
often the story seems to be more important than data, comparison with data sometimes
suggests new models and helps us to assess a certain model in question.
This will be diﬀerent in the Nambu–Jona-Lasinio Model that we consider now in some
detail.
27An excellent discussion of the Casimir eﬀect can be found in (Milonni 1994).
28See (DeTar and Donogue 1983), (Plunien, M¨ uller and Greiner 1987) and (Wilets 1989).
29See (Bhaduri 1988) for a survey.
123.2 The Nambu–Jona-Lasinio Model
Wheras the MIT-Bag Model extracts conﬁnement from the features of QCD and neglects
chiral symmetry, the Nambu–Jona-Lasinio (NJL) Model picks chiral symmetry but does
not provide a mechanism for conﬁnement. Consequently, the NJL Model needs a plausible
explanation for this neglect. Before presenting this argument, I will introduce the model.
The NJL Model30 is a non-renormalizable quantum ﬁeld theoretical model for dynamical
chiral symmetry breaking. Although its only degrees of freedom are quarks, the NJL
Model is currently considered to be a model for the low-energy regime of QCD.31
Here is the Lagrangian density of the NJL Model:
LNJL = L0 + Lint , (10)
with the free (= non-interacting) Dirac Lagrangian density
L0 = ¯ q(iγµ∂
µ − m0)q (11)
(q is the quark ﬁeld operator) and the interaction Lagrangian32
Lint = G
h
(¯ qq)
2 + (¯ qiγ5~ τq)
2
i
, (12)
which is designed to be chirally symmetrical. For vanishing quark-masses (m0 = 0), L0
is also chirally symmetrical.33 G is a coupling constant of dimension length2.
The most important feature of the NJL Model is that it provides a mechanism for dy-
namical chiral symmetry breaking. This remarkable feature already shows up in the
Mean-Field-Approximation (MFA). In this approximation, the Lagrangian density is
L
MFA
NJL = L0 + ¯ q M q . (13)
The “eﬀective” mass M is obtained from a self-consistent equation:
M =
2GM
π2
Z Λ
0
p2dp
√
p2 + M2 (14)
This equation has a non-vanishing solution if G exceeds a critical coupling strength Gcrit
(see ﬁgure 2). For these values of the coupling constant, chiral symmetry is dynamically
broken.34 The momentum cutoﬀ Λ is introduced because the model is non-renormalizable.
30For a recent review of the model and further references to the literature see (Klevanski 1992). The
application of this model to hadron physics is summarized in (Vogl and Weise 1991).
31It is historically interesting to note that this model, which was introduced in 1961, had a somewhat
diﬀerent purpose, see (Nambu and Jona-Lasinio 1961). It became clear only much later that the NJL
Model can also account for hadronic properties.
32We here choose the Flavour–SU(2) version for simplicity.
33Since current quark masses are small compared to the rest mass of the proton, a non-vanishing but
small current quark mass does not change the features of the model much.
34Equation (14) is called ‘gap-equation’ because of a close analogy to a similar eﬀect in superconductors.
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Figure 2: Dynamical chiral symmetry breaking in the NJL Model
Since the NJL Model has an expicit mechanism for dynamical chiral symmetry breaking,
all empirically well-conﬁrmed consequences of this feature are also consequences of the
model. The model has, however, several additional consequences that do not follow from
symmetry considerations only. For example, details of the meson spectrum have been
worked out in an extended version of the NJL-Model.35 It follows that the model can
indeed account for many properties of low-lying mesons.
Despite these advantages, the NJL Model also faces some serious diﬃculties. Here are
some of them: (1) The model is non-renormalizable. (2) There are no explicit gluon
degrees of freedom in the model. (3) Quarks are not conﬁned in the model.
Problem (1) can be dealt with by pointing out that the NJL Model is an eﬀective ﬁeld
theory that is only deﬁned and applicable at low energies. The corresponding energy
scale is set by the cutoﬀ Λ. If the energy in question exceeds Λ, the model does not make
sense.
Problem (2) is tackled in a similar way. Consider the quark-quark interaction via gluon
exchange at low energies. It turns out that the gluon propagator is then dominated by the
squared mass of the exchanged gluon. In this domain, the momentum dependent gluon
propagator can, therefore, be replaced by a constant G and the gluons are eﬀectively
“frozen in”. In a more rigorous treatment (“Chiral Perturbation Theory”), it has been
established that the NJL Model is a strict low-energy limit of QCD.
Problem (3) is the most cumbersome. If there is no conﬁning mechanism, it should be
possible to “ionize” a hadron at a ﬁnite energy.36 In order to remove this unwanted eﬀect it
35In these works three quark ﬂavours and additional chirally symmetric interactions are considered.
See (Vogl and Weise 1991).
36This obvious drawback of the NJL Model is not often mentioned in the relevant literature.
14has been suggested to consider a position-dependence of the coupling constant. Choosing
G(r) appropriately, quark conﬁnement can indeed be achieved, but this proposal has
many unwanted consequences. For instance, it breaks Lorentz invariance and destroys
the conceptual simplicity of the model and this is probably why it did not attract many
physicists.
On the other hand, there is no telling reason motivated by the data as to why conﬁnement
should be included as well. In fact, the spectrum of low-lying mesons is reproduced very
well with the NJL Model. The situation was diﬀerent in the MIT-Bag Model. Here,
physicists searched for chirally symmetric extensions because pionic observables did not
come out very well. There is still another argument why conﬁnement need not be taken
into account in the NJL Model. It is to say that the purpose of the NJL Model is to only
explore the consequences of chiral symmetry and its dynamical breaking. Adding other
features makes the analysis much more complicated.37
To take the NJL Model seriously in a phenomenological sense, it must nevertheless be
determined why the lack of conﬁnement does not matter when the model is used to
calculate properties of the low-energy spectrum of hadrons. This argument is provided
by a qualitative story. It goes like this: For low-lying hadrons, most or all of the relevant
quarks are in the ground state of an eﬀective potential. At small excitation energies, the
probability to excite a quark is very small and the quark will, hence, remain in the ground
state most of the time. Then it simply does not matter if the potential has a ﬁnite depth
or if it is inﬁnitely deep (conﬁnement); the quarks don’t “feel” the diﬀerence.
This story is considered to be very plausible and it has several consequences which can
be explored theoretically. For example, properties of higher-lying hadron should be more
sensitive to the detailed shape of the eﬀective potential. Numerical studies conﬁrm this
conjecture.
4 Lessons
I will now draw some more general conclusions from the material presented in the last
section.
Let me start by comparing the two models introduced in the previous section. Both
mimic one isolated feature of QCD. The MIT-Bag Model focuses on (spatial) conﬁnement
while the NJL Model chooses chiral symmetry and its dynamical breaking as relevant.
It turned out that both models need to motivate why the feature they have chosen is
worth considering. After all, QCD has various features, so why should it suﬃce to model
only one of them? In order to legitimize this choice, a qualitative story that goes with
the model proves to be important. This story must provide an argument as to why the
chosen feature is relevant and why the other features are insigniﬁcant.
In the MIT-Bag Model, conﬁnement is relevant, so the story goes because it results from
37For more on this see my (forthcoming).
15the complicated interactions that are known to be typical of QCD. Furthermore, extended
versions of the model are empirically rather successful. Therefore, possible corrections
due to chiral symmetry will presumably only be minimal.
In the NJL Model, on the other hand, the motivation for the importance of chiral symme-
try is provided by pointing to the mathematical deduction of its Lagrangian density from
QCD. Furthermore, the lack of conﬁnement is “discussed away” by telling the eﬀective-
potential-story.
We will now make more precise what a story is. A story is a narrative told around the
formalism of the model. It is neither a deductive consequence of the model nor of the
underlying theory. It is, however, inspired by the underlying theory (if there is one). This
is because the story takes advantage of the vocabulary of the theory (such as ‘gluon’)
and refers to some of its features (such as its complicated vacuum structure). Using more
general terms, the story ﬁts the model in a larger framework (a ‘world picture’) in a
non-deductive way. A story is, therefore, an integral part of a model; it complements the
formalism. To put it in a slogan: a model is an (interpreted) formalism + a story.
A disclaimer or two are in order here. The slogan may be reminiscent of the logical
empiricist doctrine that a theory is a formalism plus an interpretation of this formalism.
Though a story also provides (or supplements) the interpretation of the formalism, it
is nevertheless more than just an interpretation As a consequence of our discussion the
minimal (purely syntactic) deﬁnition of ‘model’ given in Sec. 2 is incomplete and must
be completed by a plausible story.
What criteria do we have to assess the quality of a story? It goes without saying that the
story in question should not contradict the relevant theory. This is a necessary formal
criterion. All other non-formal criteria are, of course, much weaker. Here are two of
them: (1) The story should be plausible. It should naturally ﬁt in the framework that
the theory provides. (2) The story should help us gain some understanding of the physical
mechanisms. As I have stressed previously, I believe that these are very important aims
of modeling and physics.38 It is, however, very diﬃcult to explicate how a model and its
story exactly provide understanding.
Another consequence of our discussion is that the role of the empirical adequacy of a
model as a tool to assess the goodness of a model has to be downgraded.39 It is, however,
diﬃcult to make general claims concerning the relative importance of empirical adequacy
and a good story. An answer to this question depends on the respective aim of modeling
and there is certainly more than one.
There is no good model without a story that goes with it.
38Cf. (Fisher 1988) and (Cushing 1994) for a similiar view. For a philosophical analysis, see (Weber
1996) and (Wright 1995).
39See also (Da Costa and French 1993).
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